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SUMMARY  AND  CONCLUSIONS 


1.  For  Fe  -.05  wt.%C,  a moist  air  environment  (50-70%R.H.)  decreases 
the  size  of  the  inner  cyclic  plastic  zone,  and  alters  the  subcell  size 
distribution  within  the  plastic  zone,  as  compared  to  a dry  (1  ppm  in 
nitrogen)  environment. 


2.  The  energy  dissipated  within  the  inner  cyclic  plastic  zone  to  create  a 
unit  area  of  crack  surface  is  approximately  4.33  x 104  J/m2  for  the  dry 
nitrogen  environment  and  1.92  x 104  J/m^  for  the  moist  air  environment  at 
AK  = 10  MN/m  ^ (near  the  threshold  of  approximately  AK  = 6.6  MN/m  2) . This 
energy  calculation  is  derived  from  subcell  size  measurements  made  using 
channeling  contrast,  and  from  work  per  cycle  data  derived  from  the  litera- 
ture. If  correct,  this  indicates  that  the  energy  equivalent  value  of  the 
moist  environment  is  2.91  x 104  J/m2  or  67%  of  the  energy  required  for  crack 
propagation  in  the  dry  environment . 


3.  Observation  of  the  crack  profiles,  and  f raotography  of  the  fracture 
surface  indicate  a marked  decrease  in  plasticity  associated  with  the  moist 
environment . 


4.  All  of  the  above  data  point  to  hydrogen  as  the  active  specie  in  the 
moist  air  which  is  responsible  for  these  effects.  Hydrogen  is  believed  to 
have  two  effects:  1)  increase  the  flow  stress  of  the  affected  material  and 
2)  decrease  the  deformation  before  fracture.  An  increase  in  flow  stress  is 
supported  from  data  found  in  the  literature,  and  the  decrease  in  deformation 
to  fracture  is  supported  by  our  experimental  findings. 


5.  An  effort  to  obtain  direct  evidence  for  hydrogen  was  made  by  Dr. 
Newbury  at  NBS  using  an  ion  microprobe.  The  data,  although  interesting 
are  inconclusive. 
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INTRODUCTION 


This  annual  report  includes  a brief  description  of  the  first  year 
of  wo"riTj  for  continuity,  then  reports  on  the  results  of  the  second  year 
for  Contract  N00014-75-C-1038,  entitled  "A  Study  of  the  Crack  Tip  Plasti- 
city Associated  with  Corrosion  Assisted  Fatigue." 

Last  year,  the  discovery  was  made  in  Fe  -.05  wt.%C  that  the  subcell 
size  distribution  created  by  passage  of  a fatigue  crack  is  altered  by  the 
water  vapor  content  of  the  gaseous  environment  in  which  the  crack  was  pro- 
pagated. This  discovery  was  made  using  electron  channeling  contrast  in  the 
scanning  electron  microscope. 

This  year,  the  influence  of  cyclic  stress  intensity  on  subcell  size, 
as  coupled  with  the  water  vapor  effect,  and  a determination  of  the  energy 
of  crack  propagation,  have  been  the  principal  topics  of  study.  Some  further 
study  of  the  channeling  contrast  technique  itself  was  also  completed. 


I.  THE  INFLUENCE  OF  WATER  VAPOR  ON  FATIGUE  CRACK  PLASTICITY 

IN  Fe  - .05  wt.%  C 


A.  Quantifying  The  Effect 

Last  year,  it  was  clearly  shown  that  water  vapor  influences  the  sub- 
cell size  caused  by  a propagating  fatigue  crack  in  low  carbon  steel. (1 >2) 
Subsequent  testing  has  shown  that  while  this  observation  is  correct,  it  is 
difficult  to  quantify  with  a high  degree  of  confidence.  The  reasons  for 
this  difficulty  are  not  entirely  understood;  however,  one  of  the  major 
sources  of  statistical  variation  is  sure  to  be  the  response  of  a randomly 
oriented  polycrystalline  aggregate  to  the  non-linear  stress  gradients  in  the 
vicinity  of  a crack  tip.  Furthermore,  high  magnification  photographs  (lOOOx) 
are  required  to  reveal  the  detail  of  substructure  necessary  for  analysis. 

Such  photographs  are  not  difficult  to  make,  but  their  analysis  is  time  con- 
suming, and  since  each  photograph  covers  only  a small  number  of  grains,  a 
large  number  of  them  must  be  analyzed  to  obtain  statistically  meaningful 
values . 

Data  from  cracks  propagated  in  dry  nitrogen  (1  ppmv  as  measured  by  a 
dew  point  indicator  1 cm  from  the  crack)  at  only  one  value  of  AK  (cyclic 
stress  intensity)  yield  reproducible  results,  which  are  shown  in  Figure  1(a). 
Data  from  cracks  propagated  in  air  at  ambient  humidity,  generally  50-70% 
do  not  show  such  consistency,  as  is  illustrated  for  3 specimens  in  Figure  1(b). 
The  variation  in  the  slope  of  the  ambient  humidity  air  data  are  similar,  but 
less  pronounced,  than  the  variation  caused  by  changing  AK,  Figure  1(c).  At 
larger  values  of  AK,  the  variation  in  subcell  size  distribution  caused  by 
interaction  with  the  environment  decreases.  Figure  1(d). 


For  both  environments  and  all  AK  investigated,  subgrain  size  (d)  is 
a linear  function  of  distance  (r)  from  the  crack  plane.  Where  the  subgrain 
size  approaches  the  mean  grain  size,  there  is  a short  transition  region. 

Thus,  d = A + Br  describes  the  subgrain  size  out  to  a distance  rj  (where 
the  subgrain  size  equals  the  average  grain  size)  better  than  other  functional 
dependencies  with  only  small  inaccuracy.  Table  I contains  the  best  values 
of  the  constants  obtained  to  date. 

The  specimen  which  has  been  used  thus  far  is  of  the  center  notch  de- 
sign, with  alternating  wet  and  dry  environments  used  for  each  specimen  at 
several  levels  of  AK.  Crack  propagation  rates  have  been  measured  as  total 
change  in  crack  length  per  cycle,  which  indicates  very  little  difference 
between  dry  nitrogen  and  ambient  humidity,  with  ^ Const  (AK)3,80.  This 

compares  with  an  exponent  at  3.73  as  measured  by  Yokobori,  et  al^for  the 
same  material,  and  with  values  between  2.8  and  3.6  as  measured  from  data 
on  1020  steel  from  Nelson.  (^>5)  jn  orcjer  to  obtain  more  accurate  crack  growth 
data,  single  edge  notch  specimens  are  now  being  used,  each  specimen  in  a 
single  environment  with  an  ever  increasing  AK.  "Ambient"  humidity  will  also 
be  controlled  to  a constant  value. 
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Table  I. 


Envn 

AK 

(MN/m3/2) 

da 

dn 

10-10  m/c 

A 

(ym) 

B 

(ym/ym) 

ri 

(ym) 

Wet  Air 

7.5 

5.1 

2.45 

.233 

85 

(12,000 

8.8 

22 

6.45 

.144 

108 

ppmv) 

8.8 

22 

4.73 

.186 

93 

9.4 

16.5 

2.24 

.254 

78 

9.4 

16.5 

0.88 

.368 

60 

10.5 

34 

3.47 

.150 

125 

10.5 

22.5 

1.3 

.237 

88 

10.5 

34 

3.0 

.170 

113 

12.3 

63.2 

H 

.10 

170 

Dry  N2 

8.7 

15.5 

.198 

107 

(1  ppmv) 

9.8 

23.4 

19 

.176 

125 

10.5 

19.4 

.116 

140 

10.5 

19.4 

19 

.134 

150 

10.5 

22.5 

BH 

.237 

88 

12.3 

30.7 

0.74 

.123 



.142 

B . Energy  for  Crack  Propagation* 

The  energy  expended  in  the  material  by  passage  of  the  propagating 
crack  may  be  calculated  from  the  distribution  of  subcell  sites  left  in  the 
wake  of  the  crack,  Table  I,  together  with  other  information.  The  method- 
ology used  for  the  calculation  is  shown  in  Figure  2.  The  work  per  cycle 
is  taken  from  the  data  of  F.  7.  Lawrence  and  R.  C.  Jones (6)  who  studied 
the  formation  of  subcells  in  iron  single  crystals  subjected  to  reverse 
bending  cycling.  . They  operated  at  stresses  betweeen  ± 124  and  ± 207  N/mm2 , 
which  gave  saturation  strains  of  2.7  x 10-4  to  1.65  x 10~3.  Subcell  size 
was  measured  by  etch  pitting,  both  as  a function  of  number  of  cycles  and 
cyclic  stress.  Mughrabi,  et  al(7)  have  published  hysteresis  loops  for  pure 
iron,  which  indicate  that  the  total  energy  per  cycle  may  be  calculated  with- 
in a few  percent  (~  3%)  accuracy  by  multiplying  the  stress  range  by  the 
plastic  strain  range.  Strain  rate  effects  are  important  for  iron,^)  but 


*An  expanded  and  more  complete  version  of  this  section  will  be  presented  at 
the  symposium  "Environment  Sensitive  Fracture  of  Engineering  Materials"  spon- 
sored by  AIME,  Chicago  Oct.  24-27,  1977,  and  will  be  submitted  for  publication 
in  the  proceedings  of  the  symposium. 
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CALCULATION  OF  ENERGY  OF  CRACK  PROPAGATION 


a = crack  length 

r = distance  from  crack  plane 

d = sub grain  size 

r^  = extent  of  plasticity 

W = work  per  cycle  done  on  an  element 


jL 


dr  x da  per  unit  volume 


J/m 


crack  plane 


CR 


work  per  cycle  done  on  an  element 
of  width  da  by  passage  of  the 
crack  per  unit  area  of  crack 


l wr 


J/m 


+ 

da 

T 


r 


N(r)  = the  number  of  cycles 

influencing  an  element  la 


dL 

da/dn 


N (r) 


total  energy  expended  due  to  crack  passage 
per  unit  area  of  crack 


1 N 

2 I I W (r)  N(r) 
0 0 L 


2.97  d 


-1.097 


A + Br 


determine  dL  graphically 


From  Lawrence  and  Jones, 
Met.  Trans.  ],  367  (1970) 
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have  been  neglected  In  these  calculations  as  a second  order  effect.  The 
relationship  between  work  per  cycle  z d bulk  subgrain  size  resulting  from 
analysis  of  Lawrence  and  Jones'  data  is  shown  in  Figure  3.  The  line  drawn 
through  the  data  is  Wc  = 2.97  d-1'0  9 7 . Sensitivity  of  the  magnitude  of  the 
calculated  energy  to  the  slope  of  this  line  will  be  discussed  later. 

Referring  again  to  Figure  2,  determination  of  the  number  of  cycles 
N(r)  influencing  an  element  was  determined  by  looking  at  several  sections 
of  several  crack  tips  all  propagated  at  the  same  AK.  A typical  section  is 
shown  in  Figure  4;  the  two  sets  of  photographs  are  identical,  but  with  the 
lower  set  having  an  overlay  showing  the  calculated  plain  strain  cyclic  plas- 
tic zone.  By  looking  at  this  and  six  other  similar  sections,  we  have  deter- 
mined that  the  crack  influence  begins  at  about  the  leading  edge  of  this  zone 
and  has  reached  equilibrium  at  about  the  center  line  of  the  zone.  Figure  4 
is  shown  for  dry  nitrogen,  but  the  situation  is  similar  for  the  wet  environ- 
ment, while  less  well  documented  at  this  time.  From  data  such  as  Figure  4, 
dL(r)  can  be  determined  graphically,  and  by  dividing  by  da/dn,  then  N(r)  is 
de termined. 

Calculation  of  the  total  energy  for  crack  passage  is  the  sum  of  the 
work  per  cycle  multiplied  by  the  number  of  cycles  for  each  element  within  the 
influence  of  the  crack,  adjusted  to  a unit  area  of  crack  surface  area. 

We  have  shown  previously ( 3)  that  subgrains  are  forming  in  the  inner 
cyclic  zone  of  the  total  plastic  zone  formed  by  the  crack.  The  work  calcu- 
lation thus  does  not  include  the  outer  monotonic  plastic  zone. 

So  far,  the  energy  for  crack  propagation  calculation  has  only  been 
carried  out  for  AK  = 10  MN/m3^2,  because  of  the  difficulty  of  determining 
N(r).  The  following  average  values  of  the  measured  parameters  from  Table  I 
were  chosen  for  the  calculation: 


Env. 

_A_ 

B 

r. 

^(10-10m/c) 

i- 

an 

Wet  Air 

3.23 

.16 

120 

34 

Dry  N2 

1.55 

.125 

160 

20 

For  both  dry  N2 

and  humid 

air , 

N(r)  was 

taken  to  be 

N (r)  = 104  + 10 2 r 0 to  40  pm  and 
N(r)  = 1.4  x 104  40  ym  to  r^ 

These  values  are  close  to  those  actually  measured  in  dry  nitrogen.  N(r) 
has  not  yet  been  measured  for  the  humid  air  environment.  By  assuming  the 
same  value  for  wet  air,  the  energy  calculated  will  be  slightly  too  large, 
but  well  within  the  probable  error  due  to  the  other  assumptions. 

The  total  work  done  by  the  crack,  W , is  thus 

T 
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Fe-0.05  C AK  = 9.3  IWrr/z  Dry  Nitrogen 
Outline  shown  at  crack  tip  is  the  calculated  plane  strain 

CYCLIC  PLASTIC  ZONE  . 


FIGURE  4 


" r j r j 

W = 2Lj  j Wc(r)N(r)dr  + f Wc(r)N(r)dr 

L o r'  C 


where  Lx  = L(r)  max  = 40  pm  for  this  case,  and  the  other  functions  were 
given  previously. 

Inserting  all  the  numbers  and  integrating  gives  the  values  shown  in 
Table  II. 

Table  II. 


Envn . 


Dry  N2 


Energy/Unit  Area  of  Crack  Plane(J/m2) 


4.33  x 10 


Wet  Air  1.42  x 10 4 

2.91  x 104  = energy  equivalent  of 
the  environment 

An  analysis  of  the  sensitivity  of  these  values  to  the  magnitude  of  the 
experimentally  measured  factors  and  to  assumptions  has  been  made  and  will  be 
reported  subsequently.  Briefly,  however,  it  was  determined  that  values  of 
W vary  by  a factor  of  2 for  the  dry  Nj  calculation  when  the  variables  are 
changed  by  amounts  thought  to  be  within  reason.  The  most  important  assump- 
tion is  clearly  that  used  for  the  work  per  cycle,  Wr , which  was  derived  from 
the  data  of  Lawrence  and  Jones. (6)  This  assumption  must  be  checked  experi- 
mentally . 

If  the  calculation  is  correct,  the  environment  is  supplying  the  equiva- 
lent of  67%  of  the  energy  needed  for  crack  propagation  in  the  wet  environment. 
As  compared  to  the  energy  of  crack  propagation  in  dry  N2  of  4.8  x 104  J/m2, 
the  surface  energy  of  iron  is  about  2 J/m'. 

Another  measurement  of  the  energy  of  crack  propagation  (for  a high 
strength,  low  alloy  steel,  o = 338  MPa)  has  been  made  by  Ikeda,  Izumi,  and 
Fine.(®>9)  For  AK  = 9.3  MN/m3/2,  da/dn  = 30  x 10-10  m/ c and  the  total  energy 
per  unit  area  of  crack  area  was  found  to  be  6 x 10^  J/m2 . Since 
da  (AK)m 

— = Const.  — — 2 — > where  p = shear  modulus,  a = cyclic  yield  stress,  and 

dn  pa  u 1 

U * energy  to  create  a unit  of  crack  surface,  we  can  calculate  the  approximate 
value  of  U for  our  Fe  -.05C  material.  The  constant  in  the  above  equation  is 
not  well  defined,  but  experimentally (10) , it  has  been  determined  to  be 
2.2  x 10-3.  Using  this  value,  a = 1.2a  = 261.6  MPa,  p = 7.8  x 104  MPa, 
m = 3.8,  AK  = 10  MN/m3^  and  da/dn  = 34  x 10“ 10  m/c  gives  U = 7.65  x 10s 
J/m2  which  is  about  10  times  larger  than  the  value  we  determine. 


1C.  Fractography 

Scanning  electron  microscopy  of  specimens  fatigued  alternately  in 
humid  air  (50-70%  rh)  and  in  dry  nitrogen  (1  ppm  water  vapor)  at  various 
stress  intensities  reveals  distinct  differences  in  microfracture  mecha- 
nisms due  to  the  changes  in  environment.  Portions  of  the  fracture  surface 
created  in  N2  are  covered  in  with  ductile,  transgranular  striations.  How- 
ever, regions  of  the  crack  plane  formed  during  cycling  in  moist  air  have 
additional  features.  Some  20%  of  the  surface  consists  of  fracture  facets 
having  the  appearance  of  transgranular  cleavage.  This  environmentally- 
induced  fracture  mode  variation  is  shown  in  Figure  5,  and  in  Figure  6a, 

6b;  it  appears  that  the  density  of  facets  is  considerably  higher  in  the 
specimen  interior  compared  to  the  near-surface  region. 

■ 

Inspection  at  higher  magnification  (Figure  6c,  6d)  reveals  that  the 
facets  are  not  smooth,  but  are  composed  of  brittle  striations.  Both  brittle 
and  ductile  striation  spacings  exceed  the  average  crack  growth  per  cycle  by 
a factor  of  approximately  102 . The  size  of  the  brittle-striated  facets  is 
roughly  equal  to  the  average  grain  size  (23  ym) , in  accordance  with  their 
transgranular  appearance. 

D.  Discussion 

The  size  of  the  cyclic  plastic  zone  changes  both  with  AK  and  with  the 
environment.  The  effect  of  change  due  to  environment  is  greatest  for  lower 
AK  values,  and  decreases  as  AK  increases.  The  threshold  AK  for  this  mate- 
rial is  thought  to  be  approximately  6.6  MN/m372.  The  maximum  change  in  subcell 
size  due  to  environment  should  be,  and  is,  found  for  AK  values  near  and  just 
above  threshold  because: 

1)  The  difference  in  slopes  of  the  subcell  vs.  distance  curves  are 
greatest , 

2)  The  energy  stored  in  the  plastic  zone  is  minimal,  thus  allowing 
the  maximum  effect  of  environment  to  be  observed. 

A similar  effect  of  environment  on  plastic  zone  size  has  been  found 
in  Al-Cu-Mg  alloy,  (H)  where  a fatigue  crack  grown  in  moist  air  exhibited 
a cyclic  plastic  zone  approximately  one-half  that  of  a crack  grown  in  vacuum. 

To  explain  this  effect,  we  have  concluded,  together  with  other  investi- 
gators, (12,  13)  that  hydrogen  is  the  environmental  specie  responsible.  The 
scant  direct  evidence  of  its  presence  is  presented  in  the  nexf  section.  Thus, 
at  this  time  we  can  only  infer  that  it  is  hydrogen  which  is  f'  e active  specie 
from  indirect  measurements  and  f ractography . 

Hydrogen  can  only  be  influential  if  it  is  present,  probably  in  ionic 
form,  either  at  the  surface  of  the  crack  tip,  or  within  the  lattice  near 
the  crack  tip.  The  presence  of  hydrogen  could  1)  affect  the  motion  of  dis- 
locations within  the  lattice  and  2)  affect  the  fracture  characteristics  of 
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FIGURE  5 
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the  material.  We  believe  that  hydrogen  1)  increases  the  flow  stress  of  the 
material,  i.e.,  makes  dislocation  motion  more  difficult,  and  2)  decreases 
the  strain  to  fracture  (ductility)  of  the  material. 

Evidence  for  an  increase  in  flow  stress  comes  from  Karpenko,  Yarmchenko 
and  Shved(^)  who  found  that  thin  iron  specimens  deformed  while  being  charged 
exhibited  increased  flow  stress  and  decreased  elongation,  while  thick  speci- 
mens showed  no  change  in  flow  stress.  The  maximum  change  in  flow  stress  found 
was  13%.  Supporting  evidence  for  hydrogen  increasing  the  flow  stress  has  recent- 
ly been  published .(20) 

The  changes  we  have  found  in  inner  cyclic  plastic  zone  size,  for  the 
moist  environment,  Table  I (for  AK  = 10  MN/m3*2)  may  be  explained  by  assuming 
an  increased  flow  stress  of  17%,  which  matches  relatively  well  with  that 
found  by  Karpenko,  et  al.(^) 

The  presence  of  the  brittle-striated  grains  implies  a localized  loss 
in  cyclic  ductility  caused  by  the  influence  of  moisture,  in  agreement  with 
the  cyclic  zone  subcell  modification  already  discussed.  By  considering  the 
fatigue  crack  growth  rate-AK  dependency  established  in  this  and  other  studies, 
it  is  possible  to  derive  a reasonable  idea  as  to  the  cause  of  the  embrittle- 
ment . 

In  Figure  7,  fatigue  crack  growth  data  for  mild  steel,  as  determined 
by  a number  of  researchers , (1~4 » 15-19)  are  summarized  in  Table  II.  The 
Yokobori(15)  steel  was  identical  to  that  used  in  the  present  tests.  Test 
environments  include  air  (of  various  unknown  relative  humidities) , dry  nitro- 
gen, and  vacuum.  The  data  generally  conform  to  the  Paris  law, 

^ « AKm. 

dn 


For  most  of  the  air  environments,  good  agreement  is  obtained  for  m ranging 
from  3.3  io  3.9.  The  only  value  outside  of  this  spread  is  that  found  by 
Nelson,^)  m = 2.8,  which  also  agreed  with  his  vacuum  tests.  It  is  interest- 
ing to  note  that  Nelson  found  the  fracture  surfaces  in  both  his  air  and  vacuum 
tests  to  be  transgranular , and  totally  "ductile"  in  appearance,  while  in  the 

Table  II.  Properties  of  Mild  Steels  for  which  Data 
Is  Plotted  in  Figure  7. 


Reference 

Oy 

(MN  m-2) 

°ULT 
(MN  m~2) 

Carbon  Content 
(%) 

El  on gat  ion 

(Z) 

Priddle  [16] 

303 

454 

.23 

34 

Frost,  et  al  [17] 

207 

289 

.05 

38 

Yokobori,  et  al [ 3 ] 
& Present  Study 

218 

282 

.05 

56 

Nelson  [5] 

210 

380 

.20 

30 
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FIGURE  3. 


Crack  Growth  Rate  Versus  Stress  Intensity  for 
Mild  Steel  in  Various  Environments 


hydrogen  environment,  where  m was  4.9,  fracture  also  was  transgranular , but 
in  this  case  it  was  associated  with  very  little  deformation.  In  fact,  the 
fracture  consisted  entirely  of  brittle-appearing,  grain-size,  striated  facets, 
similar  in  appearance  to  those  encountered  amongst  normal  ductile-striated 
grains  in  the  present  air  environment. 

Our  observation  of  brittle  facets  is  supported  by  similar  findings  by 
Kawasaki,  et  al.,(18)  who  studied  a ferritic-pearlitic  mild  steel.  It  was 
found  that  interspersed  among  ductile  striations  were  facet-like,  transgranu- 
lar regions  where  brittle-like  fracture  had  occurred  (study  of  their  micro- 
graphs also  seems  to  indicate  the  presence  of  brittle  striations) . In  addi- 
tion, investigation  of  fatigue  crack  growth  in  air  and  vacuum  for  high  strength 
aluminum  has  shown  that  the  higher  crack  growth  rate  for  air  correlates  with 
observation  of  pseudo-cleavage,  transgranular  features  on  characteristic  crys- 
tallographic planes. 

Taken  together,  the  above  observations  can  be  interpreted  as  follows. 
Considering  that  a total  hydrogen  environment  produces  a fracture  surface 
composed  of  brittle-faceted  striations,  it  is  likely  that  it  is  the  hydrogen 
in  the  water  vapor  which  is  responsible  for  the  combined  ductile-brittle 
striated  fracture  regions  during  the  present  air  tests,  as  well  as  in  others.  ' 
Since  the  air  results  of  Nelson(4)  did  not  show  the  brittle  features,  it  is 
suggested  that  possibly  the  relative  humidity  of  his  air  environment  was  suf- 
ficiently low  that  the  hydrogen  present  was  below  the  threshold  necessary  to 
cause  "brittle"  crack  growth,  hence  the  agreement  between  the  crack  growth 
law  exponents  (m  = 2.8)  for  both  air  and  vacuum. 

The  idea  that  hydrogen  in  the  water  vapor  is  the  active  atomic  specie  is 
reinforced  by  the  observation  (present  work  and  ref  .18) that  the  brittle-striated 
facets  are  more  populous  within  the  specimen  interior.  Within  this  nominally 
plane  strain  region,  the  stress  state  at  the  crack  tip  is  known  to  be  more 
triaxial  than  near  the  surface,  where  a more  nearly  plane  stress  situation  pre- 
vails. Since  hydrogen  tends  to  congregate  at  hydrostatically  stressed  sites 
within  crystal  lattices,  it  is  then  reasonable  that  brittle  facets,  if  due 
to  the  influence  of  hydrogen,  would  tend  to  be  most  prevalent  at  interior  lo- 
cations, in  agreement  with  our  observations. 

The  divergence  of  the  present  air  and  dry  nitrogen  data  occurs  below 
the  threshold  for  crack  growth  in  hydrogen,  indicating  the  stress  intensity 
threshold  for  growth  in  the  absence  of  significant  concentrations  of  hydrogen 
is  actually  lower  than  that  when  the  hydrogen  is  present.  The  data  of  Frost, 
et  al.,(17)  show  that  the  threshold  lies  at  approximately  6.6  MN  m_3,2,or  less 
than  half  of  the  H2  threshold. This  effect  is  of  considerable  interest; 
immersion  of  mild  steels  in  salt  water^-^)  produces  the  opposite  effect,  with 
the  threshold  being  essentially  eliminated  by  this  aggressive  environment. 

Any  comment  at  this  time  regarding  a mechanism  to  explain  the  increase  in 
threshold  stress  intensity  with  hydrogen  content  would  be  speculation. 

E.  Ion  Microprobe  Analysis  for  Hydrogen 

A comparison  of  our  experimental  data  with  that  of  others,  as  already 
discussed,  indicates  strongly  that  hydrogen  may  be  the  environmental  specie 
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responsible  for  the  effects  observed.  Thus,  the  direct  observation  of  hydro- 
gen would  be  useful  corroborating  evidence.  Since  most  matter  contains 
hydrogen,  in  small  amounts,  it  appeared  to  be  necessary  to  look  for  a de- 
creasing hydrogen  concentration  with  increasing  distance  from  the  crack  plane. 
The  only  instrumental  technique  with  which  we  are  familiar  which  has  the 
spacial  resolution  for  this  observation  is  the  ion  microprobe.  Dr.  Dale 
Newbury  at  the  National  Bureau  of  Standards  probed  for  hydrogen  on  a sec- 
tion of  one  specimen  with  an  ion  microprobe.  The  crack  was  grown  alternately 
in  wet  air  and  dry  nitrogen  at  three  values  of  AK.  The  probe  size  used  was  20ym, 
and  all  values  were  taken  40  pm  from  the  crack  plane.  Results  are  shown  in 
Table  III. 


Table  III. 


(A) 

(B) 

Me  as urement 

at  40ym  from  plane  of  crack. 

For  AK  = 13.2  MN/m3/2 

AK 

Envn . 

H/Fe56 

, wet  air 

(MN/m3'2) 

(io-3) 

Distance  J_  to 

H/Fe56 

11 

Wet 

1.03 

Crack  Plane (ym) 

(10“3) 

11 

Dry 

1.28 

0 

1.32 

25 

1.49 

13.2 

Wet 

1.97 

50 

1.52 

13.2 

Dry 

1.56 

72 

1.61 

100 

1.51 

15.4 

Wet 

2.05 

200 

1.50 

15.4 

Dry 

2.03 

300 

1.33 

500 

1.36 

15.4 

Dry (40ym) * 

1.88 

4000 

1.24 

15.4 

Dry (3500ym) * 

1.27 

*Di stance  ahead  of  crack  tip 


These  results  are  intriguing,  but  inconclusive.  There  appears  to  be 
a general,  small,  increased  hydrogen  concentration  with  AK.  Likewise,  there 
appears  to  be  maximum  (27%  increase) in  hydrogen  concentration  at  72  ym  per- 
pendicular to  the  crack  plane. 

In  an  attempt  to  determine  if  these  small  increases  in  hydrogen  were 
real,  a small  piece  of  the  same  material  was  half  immersed  in  a 26%  aqueous 
solution  of  sulfuric  acid  and  hydrogen  charged  for  5 minutes  at  0.1  amp/cm2. 
This  is  the  same  technique  Karpenko,  et  al'*^)  used  to  charge  iron  specimens 
which  showed  an  increase  in  yield  stress  due  to  hydrogen.  Ion  microprobe 
analysis  of  the  charged  and  uncharged  specimen  surfaces  showed  no  difference 
in  hydrogen,  which  is  not  surprising  in  light  of  the  recent  results  reported 
by  Lunarska(20)  which  indicate  that  hydrogen  rapidly  escapes  undeformed  iron. 

The  fatigue  crack  specimen  on  which  the  ion  microprobe  analysis  was 


performed  was  stored  for  about  2 months  at  room  temperature  between  growth 
of  the  fatigue  crack  and  the  microprobe  work.  Hydrogen  can  diffuse  in  iron 
2 cm/hr  at  room  temperature  if  not  locked  in  someway,  and  it  is  unknown 
whether  or  not  the  binding  energy  between  dislocations  and  hydrogen  is  suf- 
ficient to  lock  the  hydrogen.  Thus,  it  is  not  known  whether  it  is  even 
feasible  to  search  for  hydrogen  in  this  type  of  experiment. 
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II.  THE  USE  OF  ELECTRON  CHANNELING  IN  THE  STUDY  OF 
MATERIAL  DEFORMATION 
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scopy,IIT  Research  Institute,  Chicago,  Illinois . (March , 1977) 
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Abstract 


Introduction 


Channeling  contrast  is  one  way  the  mecha- 
nism of  electron  channeling  may  be  used  in  de- 
formation studies.  This  technique  is  in  many 
ways  complementary  to  the  study  of  deformation 
using  selected  area  electron  channeling  patterns, 
in  that  it  allows  subgrain  formation  and  refine- 
ment to  be  followed  during  the  deformation  pro- 
cess. Electron  channeling  patterns  are  the  most 
useful,  conversely,  in  defining  the  initial 
stages  of  deformation.  Together,  the  two  tech- 
niques can  be  powerful  tools  in  the  study  of 
dislocation  subst ructural  development  in  bulk 
materials.  Channeling  contrast  occurs  because 
of  differences  in  the  scattering  of  the  incident 
electron  beam  by  different  crystallographic 
orientations  of  adjacent  regions  of  the  crystal- 
lites being  observed.  Channeling  contrast  is 
observable  in  a standard  SEM  with  no  modifica- 
tion. A convergent  beam  is  used  to  obtain  the 
desired  resolution,  although  it  is  important  to 
minimize  beam  divergence.  The  width  of  a chan- 
neling line  determines  the  grain  size  which  will 
exhibit  uniform  contrast.  Maximum  benefit  of 
the  channeling  contrast  technique  may  be  obtain- 
ed when  used  together  with  selected  area  channel- 
ing patterns.  The  complementary  use  of  channel- 
ing patterns  and  channeling  contrast  is  illus- 
trated for  304  stainless  steel  fatigue  specimens 
observed  prior  to  crack  initiation.  Subgrain 
formation  adjacent  to  fatigue  cracks  in  low  car- 
bon steel  and  an  aluminum  alloy  are  used  to  il- 
lustrate the  advantages  and  limitations  of  the 
channeling  contrast  technique. 


Information  related  to  the  crystallographic 
orientation  and  defect  structure  of  crystalline 
materials  may  be  gained  by  using  the  SEM  in  the 
electron  channeling  mode.  The  electron  channel- 
ing phenomena  may  be  exploited  in  three  ways: 

(I)  channeling  patterns  superimposed  on  a secon- 
dary electron  image, ^ (II)  selected  area  electron 
channeling  patterns,*^  and  (III)  crystallographic 
contrast,  also  called  channeling  contrast,*  dif- 
fraction contrast,  and  grain  contrast. 3 Good 
review  articles  exist  on  nearly  all  aspects  of 
channeling. ^ *5,6 

The  most  exploited  of  the  channeling  tech- 
niques has  been  electron  channeling  patterns. 

The  reviews^1  give  excellent  examples  of  their 
use  for  both  crys tal lographic  and  deformation 
studies.  Channeling  contrast,  conversely,  has 
not  been  extensively  exploited,  although  ther^ 
are  several  papers  covering  various  aspects  of 
the  technique 

Selected  area  electron  channeling  patterns 
contain  information  directly  related  to  the  crys- 
tallographic structure  and  orientation  of  the 
volume  interrogated  by  the  beam.  Channeling  pat- 
tern line  acuity  and  contrast  changes  known  to 
be  due  to  the  introduction  of  defects  Into  the 
crystal  may  be  used  as  an  indirect  method  of  as- 
sessing the  magnitude  of  damage  to  the  crystal. 
Channeling  contrast,  although  originating  from 
spatial  crystallographic  differences  in  the  ma- 
terial, can  be  used  for  crystallographic  orien- 
tation only  in  rare  instances.  But  it  can  be 
used  for  the  direct  assessment  of  crystallite 
deformation  because  of  the  propensity  of  dislo- 
cations in  many  materials  to  form  into  networks. 
In  many  ways,  channeling  contrast  provides  com- 
plementary information  to  that  provided  by  chan- 
neling patterns.  The  purpose  of  this  paper  is  to 
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The  author  prefers  this  term  because  it  relates 
the  contrast  observed  to  the  physical  phenomena 
of  electron  channeling  from  which  it  originates. 


indicate  the  broad  range  of  usefulness  of  the 
channeling  contrast  technique  to  materials  re- 
search, to  bring  together  some  of  the  scattered 
information  on  the  subject,  and  to  further  dis- 
cuss and  elucidate  some  of  the  experimental  fac- 
tors to  be  considered  when  using  the  technique. 
Ihe  complementary  uses  of  channeling  contrast 
and  channeling  patterns  will  be  emphasized. 


Origin  of  Channeling  Contrast 


The  origin  of  channeling  contrast  is  the 
same  as  that  of  channeling  patterns.  The  im- 
pinging beam  is  scattered  as  the  electrons  en- 
counter individual  planes  of  atoms  within  the 
crystal.  The  magnitude  of  the  scattering  depends 
upon  the  relative  angle  between  the  beam  and  the 
atomic  planes  and  upon  the  (Rutherford)  scatter- 
ing mechanism.  The  physics  of  channeling  has 
been  described^ »9  and  thoroughly  explored  (see 
the  bibliographic  compilation  on  channeling  in 
these  proceedings).  Changing  the  angle  of  the 
beam,  through  scanning,  changes  the  magnitude  of 
the  scattering.  Thus,  there  is  a relationship 
between  the  crystallographic  orientation  of  a 
grain  and  the  angle  of  the  impinging  beam  which 
causes  different  grains  to  exhibit  different 
gray  levels.  Changes  in  crystallographic  orien- 
tation as  small  as  0.1  degrees  may  be  observed. 

It  is  the  ability  to  detect  such  small  changes 
which  makes  channeling  contrast  useful. 


Obtaining  Channeling  Contrast 


Channeling  contrast  may,  in  theory,  be  ob- 
tained with  any  commercially  available  SEM;  all 
that  is  necessary  is  that  the  instrument  be  capa- 
ble of  detecting  either  backscattered  electrons 
or  absorbed  electrons  (specimen  current  imaging) . 
In  practice,  having  a backscattered  detector  co- 
axial to  the  incoming  beam  increases  resolution 
of  the  backscattered  images  by  increasing  the 
proportion  of  collected  backscattered  elec- 
trons, 10  thus  allowing  the  use  of  decreased 
beam  currents.  Specimen  current  imaging  theo- 
retically should  give  the  same  resolution  as 
backscattered  electrons  imaging,  but  in  practice, 
characteristics  of  the  specimen  current  ampli- 
fier are  a limiting  factor  (for  a complete  dis- 
cussion of  this  subject,  see  Newbury H). 


Optimum  electron  optical  conditions  neces- 
sary to  obtain  channeling  contrast  depend  on  the 
specimen  being  observed  as  well  as  the  design 
. id  construction  of  the  SEM.  Typical  operating 
conditions^  are  a beam  divergence  of  2-4  X 10“3 
rad,  accelerating  voltages  of  10-30  kV,  specimen 
currents  of  about  5 X 10”9  amps  for  aluminum  and 
2 X 10"9  amps  for  iron.  Assuming  proper  surface 
preparation,  obtaining  useful  micrographs  is  de- 
pendent on  developing  sufficient  channeling  con- 
trast. To  obtain  contrast,  a sufficient  number 
of  incident  electrons  must  be  backscattered  from 
the  specimen  to  allow  a detectable  signal  above 
the  nolse^  to  be  recorded.  Since  the  number  of 


incident  electrons  which  are  backscattered  is 
atomic  number  dependent, development  of  con- 
trast in  materials  of  differing  atomic  number 
requires  different  beam  current.  Thus,  for  a 
given  material,  beam  current,  as  observed  by 
specimen  current,  and  frame  time  for  the  miro- 
graph  are  the  important  parameters.  It  may  be 
desirable  with  some  materials  which  oxidize  read- 
ily, such  as  aluminum  alloys,  to  use  30  kV  to- 
gether with  higher  beam  current  and  sacrifice 
resolution  in  order  to  minimize  the  effect  of  the 
oxide  layer.  With  a tungsten  hairpin  filament, 
the  probe  diameters  common  for  channeling  con- 
trast are  about^  0.4  urn  for  iron  and  0.7  urn  for 
aluminum  alloys  (calculated  values 1 2 » 1 3) . 

Careful  materials  preparation  is  vital. 

Final  surface  preparation  by  chemical  or  electro- 
polishing is  typically  required  for  metals,  al- 
though electrolytic  lapping  has  also  been  used 
successfully.  See  the  Appendix  for  details. 


Use  of  Channeling  Contrast  in  Deformation  Studies 


Although  it  is  almost  as  easy  to  make  chan- 
neling contrast  micrographs  in  the  SEM  as  it  is 
to  make  secondary  electron  micrographs,  there  are 
a number  of  experimental  factors  which  trust  be 
considered  in  applying  the  technique  to  study  de- 
formation. Some  aspects  of  the  use  of  channeling 
contrast  have  been  briefly  discussed  by  several 
authors . 8 ,9 , 14  Their  discussion,  together  with 
further  experimentation,  indicates  that  it  is 
useful  to  consider  grain  size  as  either  "large" 
or  "small,"  depending  upon  the  size  of  the  grains 
relative  to  the  width  of  the  channeling  bands. 
These  are  dependent  upon  the  crystal  structure 
and  interplanar  spacing  of  the  material,  the  ac- 
celerating voltage,  and  magnification  (scan  angle). 
"Large"  grains,  which  must  be  examined  at  low 
magnification  (relatively  large  scan  angles),  may 
exhibit  channeling  bands  within  the  grain,9  Fig- 
ure 1.  This  contrast  is  unrelated  to  deforma- 
tion. The  grain  size  and  magnification  combina- 
tion giving  grains  of  a uniform  gray  level  de- 
pends on  the  orientation  of  the  gr  In.  The  gray 
level  of  any  grain  is  dependent  upon  the  gray 
level  at  the  center  of  a channeling  pattern  of 
that  grain.  If  the  center  of  the  pattern  is  on 
one  edge  of  a channeling  band  (a  channeling  line), 
then  the  width  of  that  channeling  line,  relative 
to  the  grain  size,  will  determine  the  contrast 
within  the  grain,  the  grain  being  of  uniform 
contrast  if  it  is  smaller  than  the  line  width. 
Channeling  line  width,  2 Wg,  is  dependent  upon 
accelerating  voltage,  atomic  number,  and  grain 
orientation.  From  Schulsonl5 


where  £g  = extinction  distance,^  anft  g 3 re- 
ciprocal lattice  vector  magnitude.  Table  I gives 
calculated  values  of  wp  for  aluminum  and  iron. 
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TABLE  1.  CALCULATED  VALUES  IN  RADIANS /DEGREES 
OF  w FROM  EQUATION  (1) 


For  Fef  grain  sizes  of  about  70  urn  would  be  re 
quired. 


In  the  absence  of  texturing,  random  grain 
orientation  yields  only  a small  number  of  grains 
with  low  index  lines;  thus , uniform  gray  levels 
will  be  experienced  for  much  larger  grain  sizes 
than  indicated  above.  It  is  best  to  determine 
experimentally  if  the  grain  size  in  the  material 
of  interest  exhibits  uniform  grain  contrast. 


rad /degrees 


Material  Planes 


For  high  index  planes,  the  width  of  the 
channeling  line  becomes  very  narrow;  thus,  they 
cannot  be  resolved  with  the  angular  divergences 
necessary  for  a focused  beam.  The  contrast  from 
higher  order  lines  is  also  very  poor;  for  exam- 
ple, the  222  and  333  lines  seen  in  Figure  2a^ 
are  narrow  and  exhibit  poor  contrast.  Thus,  it 
is  likely  that  only  low  index  lines  will  be  vis- 
ible in  the  convergent  beam  (micrograph)  mode, 
even  when  the  grain  size  is  sufficiently  large, 
and  the  magnification  low,  to  allow  observation 
of  channeling  lines,  as  seen  in  Figure  1.  For 
the  (200)  band  in  Al,  only  grains  larger  than 
about  60  ’^m  could  exhibit  nonuniform  contrast. 


FIG.  1 - Channeling  bands  imposed  on  the  grain 
structure  of  large  grained,  undeformed  platinum. 
Surface  preparation  by  electrolytic  lapping. 


FIG.  2 - Comparison  between  channeling  pattern  change  and  subgrain  formation  in  304  stainless  steel, 
(a)  before  cycling,  (b)  after  4 cycles,  + IZ  strain  control,  (c)  after  32  cycles,  (d)  after  128  cycles 
Area  of  channeling  pattern  as  shown  in  (a)  is  the  same  for  (b)-(d). 


Many  deformation  studies  by  transmission 
electron  microscopy.  X-ray  topography,  etch  pit- 
ting, and  optical  microscopy  have  shown  that  de- 
formation at  near  ambient  temperatures  in  poly- 
crystalline, fully  recrystallized  metals  proceeds 
in  approximately  the  following  steps: 17, 18 

(1)  Single  slip  occurs  in  a few  grains. 

(2)  Multiple  slip  systems  are  activated  as  suf- 
ficient strain  (2-3%  for  cubic  metals)  is 
accumulated  to  require  accommodation  shape 
changes  between  grains.  Many  grains  are  now 
deforming  by  multiple  slip  and  have  approxi- 
mately equal  dislocation  densities,  although 
variations  from  grain  to  grain  and  within 
single  grains  still  exist,  and  in  some  cases 
will  persist  to  large  strains. 

(3)  Dislocations  begin  to  accumulate  into  super- 
structures, forming  boundaries  within  the 
original  grains. 

(4)  As  deformation  continues,  the  number  of  sub- 
grains increases,  decreasing  the  average 
subgrain  diameter,  and  usually  increasing 
misorientation  between  adjacent  subgrains. 

Details  or  these  processes  depend  upon  the  mode 
of  deformation  (monotonic,  cyclic,  creep,  etc.), 
grain  size,  temperature,  deformation  rate,  and 
perhaps  environment. 

Selected  area  electron  channeling  may  be 
used  to  follow  Steps  1 and  2.  Deformation  dur- 
ing Step  3 becomes  so  large  that  useful  informa- 
tion is  no  longer  available.  Channeling  contrast 
begins  to  be  useful  during  Step  3,  allowing  sab- 
grain  refinement  to  be  followed  to  submicron 
sizes.  It  is  the  ability  of  these  two  comple- 
mentary electron  channeling  techniques  to  follow 
the  deformation  process  in  bulk  materials  that 
makes  them  such  attractive  tools  in  studying  met- 
allurgical and  mechanics  related  engineering 
problems,  such  as  creep  and  fatigue. 

As  has  been  shown  by  several  investiga- 
tors, 7,8,14  the  gray  level  often  changes  as  the 
specimen  is  translated,  rotated,  or  tilted  be- 
neath the  electron  beam.  Thus,  it  may  be  neces- 
sary to  observe  a specimen  in  several  positions 
in  order  to  develop  gray  level  differences  be- 
tween adjacent  subgrains.  The  magnitude  of  mis- 
orientation between  subgrains  dictates  the  ne- 
cessity for  making  multiple  micrographs  of  a re- 
gion of  interest.  It  has  been  observed  experi- 
mentally that  it  is  necessary  to  make  multiple 
micrographs  for  small  amounts  of  deformation, 
but  that  as  deformation  proceeds  and  subgrain 
misorientation  increases,  little  information  is 
gained  from  multiple  micrographs.  Optimization 
of  electron-optical  and  photographic  parameters, 
together  with  the  ability  of  the  eye  to  distin- 
guish up  to  20  gray  levels, 19  minimizes  the  ne- 
cessity for  making  multiple  micrographs. 

Channeling  contrast  effects  have  been  il- 
lustrated for  deformation  in  tension,7  and  in 


o 

creep.  The  technique  has  proven  to  be  particu- 
larly useful  in  the  study  of  fatigue,  as  Figures 
2,  3,  and  4 illustrate.  Fatigue  crack  initiation 
may  be  related  to  the  formation  of  subcells  in 
the  near  surface  region,  and  subcell  formation  is 
known  to  occur  in  the  material  just  adjacent  to  a 
propagating  fatigue  crack;  yet  these  processes 
are  difficult  to  follow  with  conventional  inves- 
tigative methods.  The  development  of  subcells 
and  changes  in  the  channeling  patterns  caused  by 
cyclic  loading  is  illustrated  in  Figure  2.  In 
this  304  stainless  steel  specimen,  a number  of 
areas  were  selected  prior  to  cycling,  with  both 
channeling  contrast  micrographs  and  selected  area 
channeling  patterns  being  made.  Figures  2ai  and 
2a2-  The  specimen  was  then  cycled  under  strain 
control  (+  1.0%)  in  an  elect rohydraulic  testing 
machine  and  periodically  removed  for  observation 
in  the  SEM.*  Observation  with  a progressively 
increasing  number  of  cycles  illustrates  well  the 
complementary  use  of  both  techniques.  After  four 
cycles,  Figure  2b  i,  the  channeling  pattern  begins 
to  lose  line  acuity,  as  may  be  seen  particularly 
well  by  comparison  of  the  numerous  fine,  higher 
order  lines  of  Figures  2a^  and  2b^-  These  changes 
correspond  to  an  equivalent  tensile  deformation 
of  approximately  0.3%. 20  Little  subgrain  forma- 
tion is  visible.  Figure  2b2*  After  32  cycles, 
the  channeling  pattern,  Figure  2ci,  indicates 
about  2.5%  strain.  This  deformation  is  occurring 
inhomogeneous ly  between  grains,  as  may  be  seen  in 
Figure  2c2*  Subgrains  are  not  forming  equally  in 
each  part  of  each  grain.  After  128  cycles,  some 
additional  change  has  occurred  in  the  channeling 
pattern.  Figure  2d]_,  which  now  is  indicating  a 
level  of  about  5%  strain.  The  channeling  micro- 
graph, Figure  2d2,  now  indicates  that  extensive 
subgrain  formation  is  taking  place  in  the  sur- 
rounding grains.  These  observations  indicate  that 
an  assessment  of  deformation  during  the  first  few 
cycles  is  best  made  indirectly  and  on  a local 
basis,  using  channeling  patterns  because  of  their 
sensitivity  to  small  magnitudes  of  deformation. 
After  32  cycles,  direct  observation  of  the  defor- 
mation over  a larger  area  using  channeling  con- 
trast is  preferred  due  to  the  formation  of  dislo- 
cation subcells  and  because  channeling  patterns 
are  much  less  sensitive  to  small  increments  of 
deformation  at  relatively  large  deformation  mag- 
nitudes. Stress  versus  strain  records  for  each 
cycle  indicated  no  change  after  about  50  cycles, 
although  the  micrographs  clearly  indicate  the 
continuing  formation  of  subcells. 

Fatigue  crack  propagation  studies  in  .**  0.05 
wt.%  carbon  steel  have  allowed  determination  of 
the  effects  of  cyclic  loading  parameters  and  en- 
vironment on  crack  propagation  through  the  use 
of  channeling  contrast. 21, 22  Typical  subgrain 
formation  for  this  material  is  shown  in  Figure  3. 
It  is  not  possible  to  obtain  useful  electron 


More  experimental  details  may  be  found  in  the 
Appendix. 
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electron  microscopy  studies  have  shown ^ 5 that 
subgrain  formation  in  these  alloys  usually  occurs 
very  near  the  crack  plane,  and  that  most  sub- 
grains are  in  the  size  range  0.1  to  1 pm.  Thus, 
the  electron-optical-material  conditions  will 
allow  only  the  revelation  of  the  few  larger  sub- 
grains present.  Depending  on  the  crystallo- 
graphic orientation  of  the  grain  to  the  stress 
field  of  the  crack,  subgrains  of  detectable  sizes 
may  or  may  not  be  formed. 


channeling  patterns  for  this  material  due  to  the 
dislocation  density  inherent  in  the  allotropic 
transformation  in  iron-carbon  alloys.  From  mi- 
crographs such  as  these,  subgrain  size  as  a func- 
tion of  distance  from  the  crack  plane  has  been 
determined  to  be  a function  of  both  loading  mag- 
nitude and  environment.  It  was  found  that  tilt- 
ing or  translating  the  specimen  for  making  mul- 
tiple micrographs  was  unnecessary,  presumably 
because  of  the  large  subgrain  mi sorienta tion . 
Subgrain  sizes  of  0.5-1  pm  are  readily  observed 
using  the  electron  optical  conditions  given  in 
the  second  paragraph  of  the  third  section  of 
this  paper.  Thus,  the  actual  probe  sizes  appear 
to  be  somewhat  smaller  than  those  calculated. 


Cone  1 us ion 


Electron  channeling  contrast  is  an  important 
tool  for  the  materials  scientist,  particularly  in 
studies  of  crystalline  solids  where  the  formation 
of  subcells  is  an  important  factor.  Subgrain 
formation  may,  for  the  first  time,  be  followed  in 
bulk,  technologically  useful  alloys,  where  repet- 
itive observation  of  the  same  grains  is  possible 
as  the  substructure  develops.  Fortunately,  any 
standard  SEM  may  be  used  for  channeling  contrast 
observations.  No  modifications,  such  as  those 
necessary  for  obtaining  selected  area  electron 
channeling  patterns,  are  necessary  for  this  mode 
of  observation.  Although  cyclic  loading  is  em- 
phasized in  the  illustrations,  monotonic  loading, 
time  dependent  and  environmentally  sensitive  de- 
formation may  be  observed  as  well.  In  using  the 
channeling  contrast  technique,  however,  it  is 
necessary  to  be  aware  of  the  electron  optical  and 
crystallographic  circutns tances  which  allow  obser- 
vation of  the  effects  desired.  For  optimum  use 
of  the  technique,  coordinated  use  of  channeling 
patterns  is  also  desirable,  since  the  two  tech- 
niques are  largely  complementary. 


Fatigue  crack  plasticity  studies  in  aluminum 
alloys-^'^  have  indicated  that  the  plasticity 
information  is  available  from  the  channeling  pat- 
terns rather  than  from  channeling  contrast.  Oc- 
casionally subgrains  can  be  brought  out  in  these 
alloys  if  just  the  correct  combination  of  elec- 
tron optical  conditions  and  grain  orientation 
occurs.  The  crack  tip  region  depicted  in  Figure 
4 shows  the  apparent  formation  of  a few  large 
subgrains  to  the  left  of  the  crack.  Note  that 
the  contrast  changes  from  light  on  the  right  to 
dark  on  the  left,  with  the  reversal  being  at  just 
about  the  crack  plane.  A channeling  pattern  of 
the  grain  shows  it  to  be  oriented  at  the  edge  of 
the  ^200)  band  so  that  the  contrast  reversal  is 
due  to  one  line  of  that  band.  Thus,  the  ability 
to  detect  subgrains  in  this  situation  is  depen- 
dent upon  obtaining  the  proper  grain  orientation, 
relative  to  the  probe,  so  that  small  contrast 
changes  can  be  detected.  Depending  on  grain  ori- 
entation, specimen  reori  en  ta  tion  beneath  the 
beam,  together  with  multiple  micrographs,  may 
prove  to  be  very  useful.  To  obtain  channeling 
contrast  in  the  aluminum  alloys,  fairly  large 
beam  currents  are  required  (a  limitation  of 
source  brightness),  causing  probe  sizes  in  excess 
of  1 um  (see  earlier  discussion).  Transmission 
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Appendix  (Experimental  Details) 

The  ETEC,  Inc. , SEM  used  in  these  experi- 
ments was  fitted  with  an  after  lens  deflection 
coil  for  making  selected  area  electron  channeling 
patterns.  Channeling  contrast  was  detected  with 
a solid  state  silicon  solar  cell  detector  mounted 
beneath  the  after  lens  coil.  A working  distance 
of  25  ram  and  a 100  um  objective  aperture  were 
used,  with  a zero  specimen  tilt.  Observations 
were  made  using  either  20  or  30  kV. 

Cyclic  loading  of  the  304  and  6061  specimens 
was  done  external  to  the  SEM.  Periodically,  the 
cyclic  experiments  were  interrupted  and  the  spec- 
imens examined  in  the  SEM.  The  low  carbon  steel 
specimens  were  cut  from  the  center  of  a large 
center-notched  fatigue  specimen  at  termination 
of  a test  program,  metallurgically  mounted  and 
ground,  using  typical  metallographic  methods, 
and  then  electropolished. 

Prior  to  deforming  any  specimen  which  is  to 
be  examined  by  the  channeling  mechanism,  careful 
heat  treatment  and  surface  preparation  are  nor- 
mally necessary.  The  heat  treatments  used  were: 
solution  treatment,  quenching  and  aging  for  the 
aluminum  alloy, 23  solution  treatment  and  furnace 
cool  for  the  stainless  steel, 20  and  furnace  an- 
neal for  the  low  carbon  steel. 21  Standard  elec- 
tropolishing techniques^  were  used  as  the  final 
step  in  preparation  for  all  specimens  except  the 
platinum,  which  used  a Struers  electrolytic  lap- 
ping process.  Occasionally,  an  intermediate 
electropolish  is  necessary  during  a long  series 
of  experiments  requiring  interspersed  cyclic 
loading  and  SEM  examination.  The  necessity  for 
repolishing  is  evidenced  by  observable  surface 
contamination . 
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Discussion  with  Reviewers 

Reviewer  III:  In  reference  to  the  line  width  the 

author  is  requested  to  comment  on  the  effects  of 
beam  divergence  and  crystalline  perfection  of  the 
spectmen  on  the  observed  contrast  effects  (G.  R. 
Booker  and  R.  Stickler,  5th  Intern . Materials 
Symp .,  Un.iv,  of  Cal.,  Berkeley  1971,  Univ.  Press, 
1972). 

Author:  The  reference  given  by  the  reviewer  is 

one  of  several  which  emphasizes  the  necessity  to 
establish  a beam  divergence  less  than  that  of 
the  higher  order  lines  to  be  observed.  The  read- 
er is  also  encouraged  to  become  familiar  with  the 
Appendix  to  text  reference  15,  which  has  a good 
discussion  of  this  point.  In  deformation  stud- 
ies, it  is  very  helpful  to  heat  treat  specimens 
so  as  to  minimize  initial  dislocation  density 
(giving  high  crystalline  perfection).  This  is 
desirable  in  order  to  maximize  the  sensitivity  of 
the  technique  for  observing  changes  in  crystal- 
line perfection,  and  so  that  interpretation  of 
channeling  pattern  changes  will  be  as  unambigu- 
ous as  possible. 

Reviewer  III:  Would  the  author  indicate  the 

amount  of  strain  he  deduces  from  the  SACPs  in 
Fig.  2 and  the  method  he  used  to  obtain  this 
quantitative  information? 

Author:  The  amount  of  strain  in  Figure  2,  as 

given  in  the  accompanying  text  on  the  page  fol- 
lowing Figure  2,  was  deduced  using  the  compari- 
son technique  fully  explained  in  text  reference 
20. 

Reviewer  III:  Depending  on  grain  orientation 

how  many  channeling  contrast  micrographs  are  re- 
quired to  reveal  positively  all  subgrains  pres- 
ent? 

Author:  Although  this  point  was  mentioned  in  the 

text,  it  should  be  said  again  that  the  number  of 
micrographs  must  be  assessed  experimentally  for 
the  material  of  interest.  For  the  low-carbon 
steel,  it  was  found  to  be  of  greater  advantage  to 
’’serially  section”  the  grains  by  short  periods  of 
electropolishing,  followed  by  examination,  than 
it  was  to  make  multiple  micrographs  of  one  sec- 
tion. In  this  way,  an  assessment  of  subgrain 
extent  and  shape  may  also  be  made.  An  example 
of  this  is  included  in  Figure  R-l.  I would  like 
to  emphasize  again  that  my  observations  are  that 
multiple  micrographs  are  more  necessary  for  small 
magnitudes  of  deformation  in  relatively  large 
grained  material. 

Reviewer  II:  Since  channeling  contrast  origi- 

nates very  near  the  surface,  how  faithfully  do 
you  feel  your  results  of  substructure  near  a 
crack  tip  represent  the  substructure'  in  the  bulk? 
Can  the  proximity  -f  the  surface  alter  this 
structure ? 

Author:  Our  experience  is  that  the  substructure 

near  a crack  tip  in  the  metals  we  are  examining 
is  altered  very  little,  if  any  at  all,  by  the 
proximity  of  the  surface,  except  in  the  sense  of 
fracture  mechanics,  which  indicates  that  it  is 


difficult  to  maintain  plane  strain  conditions 
near  a surface  (which  removes  the  material  con- 
straints necessary  for  plane  strain).  For  fa- 
tigue cracks,  we  find  that  for  very  low  cyclic 
stress  intensities,  there  is  no  difference  be- 
tween observations  made  at  the  surface  and  those 
made  from  deep  sections.  See:  D.  L.  Davidson, 

"Fatigue  Crack  Tip  Plastic  Zone  Size  and  Shape 
Through  the  Specimen  Thickness,”  Int.  J.  Frac- 
ture LI  1975,  1047-1048.  Creation  of  a surface 
in  very  soft  single  crystals  might  allow  disloca- 
tions to  "leak  out”  prior  to  observation,  but  for 
the  engineering  materials  we  have  examined,  our 
assessment  is  that  the  probability  of  this  occur- 
ring is  small. 

Note:  The  author  is  indebted  to  Reviewer  II 

for  pointing  out  that  the  publication,  "Observa- 
tions on  the  Practical  Applications  of  Selected 
Area  Electron  Channelling  Patterns  to  Deformation 
Studies,”  by  J.  A.  Comie,  D.  L.  Harrod  and  C.  W. 
Hughes,  Westinghouse  Research  Laboratories  Scien- 
tific Paper  73-ID4-HTRFC-P1 , June  7,  1973,  has 
now  been  published  (see  No.  25  of  the  Channeling 
Bibliography).  The  section  of  this  work  entitled 
"Channelling  Microscopy”  indicates  that  subcell 
formation  is  not  much  different  when  the  specimen 
is  deformed  in  tension  or  compression. 

Reviewer  I:  Since  many  rrricroscopes  are  operated 

with  the  specimen  highly  tilted,  typically  45°, 
to  produce  optimum  emissive  mode  images,  is  there 
any  effect  on  channeling  contrast  images  of 
grains  from  the  development  of  asymmetry  in  the 
channeling  line  profiles  from  a tilted  crystal, 
i.e.,  the  lines  become  either  white  or  black  in- 
stead of  a black/white  close  pair? 

Author:  Although  I have  performed  no  experiments 

to  confirm  it,  there  would  be  little  or  no  effect 
on  the  channeling  contrast  expected  from  having 
a tilted  specimen.  Line  contrast  reversal  would 
be  expected  to  occur  only  in  the  higher  order 
lines  (see  text  reference  4,  pp.  649-652),  which 
should  exert  little  influence  on  the  contrast 
developed  within  a grain. 

Reviewer  II:  What  is  the  origin  of  the  contrast 

reversal  between  some  of  the  grains  and  twins 
seen  in  Figure  2 when  going  from  the  annealed  to 
the  8 trained  condition? 

Author:  Since  contrast  is  determined  by  the  gray 

level  of  the  center  of  the  channeling  pattern  for 
a particular  grain,  the  position  of  the  specimen 
relative  to  the  beam  is  very  important.  Periodic 
movement  of  the  specimen  from  the  SEM  to  the 
testing  machine  caused  slight  changes  in  the 
relative  position  of  the  specimen  and  the  elec- 
tron beam,  and  this  is  the  origin  of  the  contrast 
changes  seen  in  Figure  2.  Tilting  the  specimen 
could  have  given  the  same*  effect. 

Ft  viewer  II:  What  is  the  nature  of  the.  fine 

n.iri  *•  - :ke)  structure  which  appears  in  strong 
^■ntraet  i>.  Figure  2c2»  faintly  in  2d£  vnd  is 
absent  in  la  % and  2b 2? 

*Se<  pages  445-454,  these  proceedings. 
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FIG.  R-l  - Sectioning  of  grains  around  the  tip  i 
a fatigue  crack  in  Fe-0.05  C,  showing  the  change 
in  subcell  arrangement  with  progression  through 
the  grain  structure.  (Figures  b and  • were  taken 
after  2 and  4 minutes  additional  tint'  of  oh  > tre- 
poltahing  at  22v  in  113  nl  acetic  anhydride,  ' ml 
water  and  20  gins  chromic  arld«  at  1ft  C.) 


Author:  The  dendritic  structure  is  an  artifact 

which  occurred  during  electropolishing.  As  men- 
tioned in  the  Appendix,  it  is  necessary  to  be 
very  careful  to  prevent  contamination  of  the  sur- 
face being  observed,  and  should  such  contamina- 
tion occur,  then  reelectropolishing  is  required. 
Sometimes  artifacts,  such  as  the  dendritic  look- 
ing one  on  2c2» appear.  So  far,  their  presence 
has  not  indicated  any  general  surface  contamina- 
tion. The  same  artifact  does  not  appear  in  Fig- 
ure 2d2  because  a very  short  electropolish  was 
employed  after  128  cycles,  prior  to  observation. 
Very  little  metal  was  removed  by  these  interim 
polishing  operations,  as  a close  examination  of 
Figure  2 will  show,  and  a clean  surface  for  ob- 
servation was  ensured. 


suhgr'Vos  for  : r: ■> ‘■-Hmen  such  as  ''hat  of 

. • etemined  from  th  s\  ndin< 

*h :>:>u  ’ ‘V:  r.rost  '\:.r-rograp‘h2 

Author:  No  orientation  usually  cannot  be 

determined  from  channeling  contrast  micro- 
graphs . 


• ••  • . • th  xrg  vtu  ■ ts  f r 

sing  that  tt  pt  in,  im  i eotrox  xeeelera- 
ting  • It  g for  sham  ling  contrast  is 
to  30  KV?  ' 

Author:  Best  contrast  as  related  to  signal- 

to-noise  ratio  has  been  determined  to  be 
developed  in  this  voltage  range.  Lower 
voltage  causes  problems  with  oxide  penetra- 
tion also.  Higher  voltages  cause  decreased 
contrast  which  may  be  overcome  with  higher 
brightness  sources.  See  J.  P.  Spencer, 

C.  J.  Humphreys  and  P.  B.  Hirsch , "A 
Dynamical  Theory  for  the  Contrast  of  Per- 
fect and  Imperfect  Crystals  in  the  Scanning 
Electron  Microscope  using  Backseat tered 
Electrons."  Phil.  Mag.  26,  1972,  193-213. 


• ■ ; .•  le  tf  rogressw  rioratiot 

ling  itt  i ' ’ 

■ ■ ■ Im  mainly  * plastic  strains  Ks~ 

’ * ; * ; • ks)  or  • ’ as t i c st ra ins ? 

Author:  It  has  been  shown  that  changes  in 

channeling  patterns  are  caused  by  disloca- 
tions rather  than  elastic  strains.  See  text 
Reference  8,  p.  140. 


Reviewer  IV:  If  satis  fact  ••  •• 

• ild  he  obtained  from  specimen  areas  is  tm 
as  0.  7 ym  across , 

r»i.  • ■ jyt  ■ '•  * tr»  •*  > • «,  **;;'*> 1 • *'  * , ; »>  , >rg  ’ 

Author:  Yes,  misor lentat ion  between  subgrains  is 

of  interest  to  metallurgist  because  it  is 
related  to  deformation  magnitude,  temperature, 
perhaps  strain  rate,  metallurgical  structure, 
and  environment. 


Ot 


